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General Experimental Procedures. Tetrahydrofuran and diethyl ether were dried by distilling the solvents from sodium-benzophenone ketyl. Toluene and diisopropylamine were distilled over CaH 2 . HMPA was purified by heating at reflux with CaH 2 for 30 min followed by distillation under reduced pressure. Methanol was dried by distillation over magnesium turnings. Allyl bromide was purified by passing it through a plug of basic alumina just before use. Unless otherwise indicated, all compounds that were subjected to a reaction under anhydrous conditions were first mixed with dry toluene and the toluene then removed under reduced pressure.
Benzaldehyde was purified by extracting a hexane solution of the material with saturated NaHCO 3 followed by distillation under reduced pressure.
(R)-2-Allyl-proline (9).
(S)-Proline (10.0 g, 86.95 mmol), hexanes (3 mL) and TFA (~0.1 mL) were triturated in a mortar until a free-flowing solid resulted. This solid was placed in a 500 mL round bottom flask, along with pivalaldehyde (25 mL) and hexanes (250 mL). Vigorous stirring was started and a Dean-Stark assembly was constructed over the flask. The mixture was heated at reflux for 12 h or until all the solid reacted to form a solution, whose color ranged from very pale yellow to dark yellow. The Dean-Stark assembly was removed and a septum with a nitrogen inlet was immediately placed over the flask. The solution was then allowed to cool to room temperature.
The septum was quickly removed and the solution was evaporated under reduced pressure until a waxy yellow solid remained (Seebach's oxazolidinone). The vacuum was released with the help of a nitrogen-balloon, a dry stir-bar was placed in the flask and it was immediately purged with nitrogen.
THF (150 mL) was added to the flask containing Seebach's oxazolidinone via syringe and the solution was cooled to -78 °C. A 1.0 M solution of LDA in THF/hexanes (90 mL, 1.05
Seebach's oxazolidinone
Allylated prolyl oxazolidinone S3 equiv) was added via syringe over a period of 20 min, causing the color to change from light yellow to dark orange. Allyl bromide (20 mL, excess) was first passed through a basic alumina plug (process repeated until the filtrate was colorless) and then it was added dropwise to the solution of the enolate. The color changed to light yellow upon which the solution was warmed to room temperature (over 2 h). It was then quenched with saturated aqueous NH 4 Cl (50 mL).
The organic layer was removed, diluted with hexanes (200 mL), extracted with 1 N HCl (100 mL) and dried over Na 2 SO 4 . Evaporation of this solution gave the allylated oxazolidinone product, (2R,5R)-5-allyl-2-tert-butyl-1-aza-3-oxabicyclo(3,3,0)-octan-4-one, (16.1 g, 82%) as a light yellow oil which was used directly in the next step. An analytical sample (colorless oil) was prepared by filtering 1.0 g of the product dissolved in 20 mL CH 2 Cl 2 through a 1 in × 1 in plug of silica gel followed by evaporation. To a solution of the allylated oxazolidinone (1.5g, 6.7 mmol) in methanol/water (6:1, 30 mL) was added silica gel (200-400 mesh, 60 Å, 1.5 g). The slurry was heated at reflux for an hour before being cooled to room temperature and evaporated to dryness. The white residue was triturated with CH 2 Cl 2 /MeOH (4:1, 200 mL) and the slurry was filtered through a mediumporosity filter paper under suction. The filtrate was evaporated under reduced pressure to yield an amorphous solid, which was dissolved in boiling iPrOH/MeOH (20:1, ~10 mL). The cooled solution gave white needles which were collected by filtration and dried under vacuum to yield Triethylamine (20 mL, excess) was added and the solution was cooled to -15 °C (salt/ice bath). Cbz-Cl (17.3 mL, 122.0 mmol) was then added dropwise over 5 min. The resulting white suspension was warmed to room temperature where it was stirred for 8 h, after which it was cooled to -15 °C and another portion of Cbz-Cl (8.6 mL, 61 mmol) was added dropwise followed by triethylamine (10 mL). The suspension was warmed to room temperature over 1 h and then evaporated under reduced pressure. To the residue obtained was added 30 g KOH and 300 mL water. The resulting white turbid mixture was shaken for 5-10 min and then extracted with ether (100 mL). The almost clear aqueous layer was acidified with conc.
HCl with continuous stirring to pH = 1. The resulting thick white emulsion was extracted with ether (200 mL, 2× ( -C), 39.7 and 38.4 (CH 2 -CH=CH 2 ), 37.4 and 35.9 ( -CH 2 ), 23.5 and 23.0 ( -C).
To a solution of the methyl ester (3.00 g, 10.2 mmol) in methanol/water (90 mL, 2:1) was added a solution of OsO 4 in tert-butanol (0.1 mL, cat.). The solution was stirred for 15 min during which the color changed to black. Sodium periodate (6 g, 20.2 mmol) was added in small portions over 30 min and the resulting thick white suspension was stirred for 2 h before being filtered and concentrated to approximately 1/3 its volume. The residue was partitioned between ether (200 mL) and water (100 mL). The aqueous layer was extracted with ether (3 × 50 mL).
The combined organic layers were extracted with 5% Na 2 SO 3 until the extract was colorless, then they were dried (Na 2 SO 4 ) and evaporated under reduced pressure to yield 2.5 g (87%) of 11 as a pale yellow oil which was taken on to the next step without further purification. R f = 0.6 (hexanes/EtOAc, 2:1). This material should be either purged with nitrogen and kept in a sealed container in the refrigerator, or it should be used immediately. Oxidation to the acid is complete within 1 week at room temperature.
Improved Preparation of (N-(tert-Butyloxycarbonyl)--phosphonoglycine Dimethyl Ethyl
Ester (12). To a flame-dried one-neck 1-L flask was added 15 g (73.9 mmol) of Boc-Gly-OEt, 13.2 g (74 mmol, 1 equiv) of N-bromosuccinimide (NBS) and 600 mL of reagent-grade hexanes. The flask was purged with Ar and immersed in a mixture of ice and water (2-3 °C). The whole assembly was partially covered 
E-and Z-N-(Benzyloxycarbonyl)-2(R)-(3'-(N-(tert-butoxycarbonyl)amino-3'-carboethoxy-
2'-propenyl)-(2-carbomethoxy)-pyrrolidine (13).
To a solution of 11 (6.0 g, 19.3 mmol) and DBU (2.9 mL, 19.3 mmol) in CH 2 Cl 2 (20 mL) was added in a dropwise manner a solution of 12 (3.9 g, 12.8 mmol) in CH 2 Cl 2 (10 mL). The resulting yellow to light orange solution was stirred for 6 h. Evaporation of the solvent afforded an orange residue which was dissolved in EtOAc (ca. 200 mL) and this solution was washed with water (50 mL), 10% citric acid (2 × 50 mL), half-saturated NaHCO 3 (2 × 100 mL) and brine (50 mL). The organic layer was dried (Na 2 SO 4 ) 
(6RS,8aR)-N-tert-Butoxycarbonyl-6-amino-8a-carboxyindolizidin-5-one Methyl Ester (14).
A solution of 13 (5.0 g) in MeOH (50 mL) was placed in a Parr hydrogenation bottle and purged with Ar. Palladium on carbon (10%, 500 mg) was added under a stream of Ar. The bottle was evacuated and refilled with hydrogen (3 times), pressurized to 60 psi of hydrogen and shaken for 45 minutes before being evacuated and poured into 200 mL of CH 2 Cl 2 . The suspension was filtered through a fine-porosity filter paper and the filtrate then filtered through a 45 µm PFTE filter. The resulting clear solution was evaporated under reduced pressure to give a colorless oil.
This was dissolved in methanol (200 mL) and a chunk of freshly-cut sodium (~500 mg) was added. The solution was heated at reflux for 5 h before being cooled to room temperature
whereupon it was poured into saturated NH 4 Cl (50 mL). The suspension was concentrated to one-fourth its volume and then extracted with CH 2 Cl 2 (3 × 100 mL). The organic layers were dried (Na 2 SO 4 ) and evaporated under a reduced pressure to give a yellow oil that was dissolved in hexanes/CH 2 Cl 2 (50 mL, 20:1). This solution was cooled to -78 °C, upon which a white precipitate appeared. The suspension was quickly filtered through a medium porosity filter paper (the precipitate melts to an oil upon warming), the receiver changed and CH 2 Cl 2 (200 mL) was passed through to dissolve the filter-cake. The resulting colorless solution was dried (Na 2 SO 4 ) and evaporated under reduced pressure to yield 14 as a colorless oil whose spectral characteristics were consistent with that reported in the literature. 
(6R,8aR)-6-Amino-6-(2-methylpropyl)-8a-carboxyindolizidin-5-one Methyl Ester Trifluoroacetate (16).
A mixture of 14 (1.0 g, 4.69 mmol), TFA (5 mL) and CH 2 Cl 2 (20 mL) was stirred for 2 h before being evaporated to dryness. The residue was triturated with hexanes to give the deprotected lactam as a white solid. To this solid was added in CH 2 Cl 2 (15 mL), 4 Å molecular sieves (~ 1 g), Et 3 N (1 mL) and benzaldehyde (0.7 mL, 2 equiv). The mixture was stirred for 2 h before being filtered. The filtrate was evaporated to dryness to give the diastereomeric mixture of the Schiff base as a yellow-green oil (R f = 0.2 and 0.3 in 3:1 hexanes/EtOAc). This mixture was taken directly on to the next step.
The Schiff base was twice dissolved in toluene and the solvent then removed by under reduced pressure. Dry THF (10 mL) was added to the residue. The solution was cooled to -78 °C while under nitrogen and a 1 M solution of LDA (9 mL, 3 equiv) was added dropwise, upon which the color changed to bright orange. Isobutyl iodide (4 mL, excess) and HMPA (5 mL)
were successively added upon which the color changed to crimson-red. The mixture was slowly N CO 2 Me O H 3 N 16 CF 3 CO 2 -S9 warmed to room temperature and then heated to reflux, during which time the color changed from crimson red to orange to almost colorless. At this point, the mixture was cooled to room temperature and the reaction was quenched with sodium phosphate buffer (0.5 M, pH = 8.0, 10 mL). The mixture was evaporated to dryness and the residue was partitioned between ether (100 mL) and water (30 mL). The organic portion, which contained 15, was dried over Na 2 SO 4 . To this solution was added 20% aqueous TFA (25 mL) and the mixture was stirred for an h. The aqueous layer was drawn off, washed with ether (50 mL) and concentrated under reduced pressure to give a light yellow syrup. This material was dissolved in toluene (20 mL washed with half-saturated NaHCO 3 (30 mL) and brine (30 mL). The organic layer was dried (Na 2 SO 4 ) and then evaporated to gave an orange residue that was loaded on a silica gel plug (20 g, 2 cm) with the aid of hexanes. The plug was eluted with hexanes (100 mL), hexanes/EtOAc (1:1, 200 mL), hexanes/EtOAc (1:2, 100 mL) and fractions (10 mL) were collected. Product 17 (1.21g, 92%, yellow-orange oil) was obtained as a 9:4 mixture of the 6R and 6S isomers, respectively, in the eluent between 250-320 mL. R f = 0.62 (6R-isomer); R f = 82.8 (6R-isomer C(CH 3 ) 3 ), 69.8 (6S-isomer 8a-C), 68.9 (6R-isomer 8a-C), 56.5 (6R-isomer 6-C), 53.1 (6S-isomer OCH 3 ), 52.7 (6R-isomer OCH 3 ), 52.3 (6S-isomer 6-C), 46.2 (3-C), 38.9 (1-C), 32.0 (6R-isomer 8C), 31.4 (6S-isomer 8C), 28.5 (6S-isomer C(CH 3 ) 3 ), 28.4 (6R-isomer C(CH 3 ) 3 ), 26.7 (6S-isomer 7-C), 24.9 (6R-isomer 7-C), 21.9 (6S-isomer 2-C), 21. added dropwise. The resulting orange solution was stirred at -78 C for 1.5 h, after which it was quenched with 2 mL of saturated aqueous NH 4 Cl. The mixture was partitioned between water (20 mL) and EtOAc (60 mL). The aqueous layer was washed with CH 2 Cl 2 (20 mL) and the combined organic fractions were dried (Na 2 SO 4 ) and evaporated under reduced pressure to give an orange oil. This oil was dissolved in hexanes and the solution was poured over a silica gel plug (15 g). The plug was eluted with hexanes (20 mL), hexanes/ethyl acetate (6:1, 20 mL) and hexanes/ethyl acetate (1:1, 120 mL). The product was found in the eluent between 70 mL and 100 mL, along with an unidentified light orange impurity that was found in the first 20 mL of eluent. Fractions containing the product were evaporated under reduced pressure to yield 18 as a very pale yellow oil (320 mg, 91% 
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resulting yellow suspension was stirred for 12 h at room temperature before being poured into 300 mL of EtOAc. The resulting pale yellow suspension was washed with 100 mL of water, 50 mL of 10% citric acid (2×), 50 mL of half-saturated NaHCO 3 (4×) and 20 mL of brine. The organic layer was dried (Na 2 SO 4 ) and evaporated to give a light brown oil that turned into a stringy gum when it was stirred with hexanes (ca. 20 mL) at 0 °C. The hexanes were decanted and the residue was dissolved in 20 mL of boiling hexanes. The solution was chilled in a refrigerator to give fine yellow needles. The hexanes were decanted and the residue was dissolved in 50 mL of boiling hexanes and cooled at room temperature over 4 h. The resulting thick white needles that formed were filtered and dried under vacuum for an hour to give 0. , 8.44; N, 9.03. Found: C, 62.13; H, 8.72, N, 9.18. In cases where EDC/HOBt or IBCF were used as the coupling reagent, diketopiperazine 20 was obtained in varying quantities as a side-product. (6S,8aR,2'S)-6-N-(tert-Butoxycarbonyl-2-pyrrolidinylcarbonyl)amino-6-(2-methylpropyl)-8a-carboxy-indolizidin-5-one (22). To a solution of 21 (500 mg, 1.42 mmol) in THF/HMPA (10:1, 10 mL) was added LiOH (500 mg, excess). The mixture was stirred and heated at reflux for 4 h, after which it was cooled to room temperature and then concentrated under reduced pressure to give a light yellow oil that was dissolved in 1N NaOH (10 mL). The solution was extracted with ether (5 × 50 mL) to remove part of the HMPA, and then acidified with solid citric acid to a pH of 4 to give a thick white suspension. This was extracted with CH 2 Cl 2 (3 × 20 mL). The organic portion was dried (Na 2 SO 4 ) and concentrated under reduced pressure to give the carboxylic acid 22 as a white foam that was taken on to the next step without further purification. R f = 0. 
